~' Auditory hallucinations were produced by electrical stimulation of the human upper brain stem during stereotaxic operations. The responses were confined to stimulation of the inferior colliculus, brachium of the inferior colliculus, medial geniculate body, and auditory radiations. Anatomical confirmation of an auditory site was obtained in one patient. The hallucination produced was a low-pitched nonspecific auditory "paresthesia" independent of the structure stimulated, the conditions of stimulation, or sonotopic factors. The effect was identical to that reported from stimulating the primary auditory cortex, and virtually all responses were contralateral. These observations have led to the following generalizations concerning electrical stimulation of the somesthetic, auditory, vestibular, and visual pathways within the human brain stem: the hallucination induced in each is the response to comparable conditions of stimulation, is nonspecific, independent of stimulation site, confined to the primary pathway concerned, chiefly contralateral, and identical to that induced by stimulating the corresponding primary auditory cortex. No sensory responses are found in the brain stem corresponding to those from the sensory association cortex.
T HE current interest in the lower auditory pathway in man and the wealth of information on the entire auditory system in animals are in contrast to the few studies published on the human upper auditory pathway, despite the access afforded to it by stereotaxic techniques. Walker 14 reported contralateral hearing loss following open midbrain tractotomy, while Wycis and SpiegeP 6 described contralateral high-tone and bilateral low-tone hearing loss after stereotaxic midbrain surgery for the relief of pain. Auditory effects have been reported by Sem-Jacobson s and Spiegel and Wycis TM from stimulation of the midbrain in man.
We are summarizing our observations of the human upper auditory pathway during stimulation of the brain stem for the purpose of locating lesions during stereotaxic surgery. Most of the operations from which these data were collected were performed for the relief of involuntary movement, with electrode penetrations between 11 and 18 mm from the midline. The rest, carried out for the relief of intractable pain, provided data from 0 to 11 mm laterally.
Method
Using our own two-stage stereotaxic technique, 11,12 we located the targets by radiological identification of the midline of the brain and of the anterior and posterior commissures under general anesthesia. We chose three potential target sites to allow for ana-tomical variation; the sites lay 2 mm apart, one behind the other in the desired sagittal plane. Stimulation was carried out at a second sitting in an unsedated patient under local anesthesia. A concentric bipolar electrode, 1.0 mm in diameter with a 0.5 mm pole separation, was directed to each site in turn. Monitored stimulation at threshold current was carried out in 2 mm steps for 10 mm on either side of the three sites using biphasic 60 to 100 Hz sinusoidal or square wave pulse trains of 3 msec duration. Points at which no response was obtained below 2.0 mA were declared negative. Positive responses were mapped and used as the physiological basis for final target selection. Although points whose stimulation gave rise to an auditory response were much rarer than those producing somatosensory effects (and were first discovered by accident), we have found them especially useful for precise target site localization because of the small volume of the auditory pathway. As a result we now deliberately seek them out wherever feasible. Audiograms performed both pre-and postoperatively on a group of earlier cases failed to show any change after the electrode penetration of the auditory pathway, and no instances of postoperative auditory symptoms have been recorded. with the simultation. The quality of the experience was more often matched by activating the audioamplifier with a square wave than by a sine wave train. We were surprised to find, using this device, that the patient's auditory hallucination was apparently always of a very low frequency: under 50 Hz in nine, between 50 and 100 Hz in seven, and from 100 to 300 Hz in three of the points so analyzed. We were also surprised at first to discover that the patient's experience was independent of the frequency of the stimulus. Varying the stimulation frequency and wave form from simple sine to square to more complex patterns prepared on tape all had no effect on what the patient heard. Similarly the frequency and quality of the effect changed only slightly and in no predictable pattern when the site of stimulation was changed.
Strikingly, in every instance but one, the patient's auditory hallucination was referred only to the contralateral ear; in the one ex-
Results
From our series of approximately 400 stereotaxic procedures, 103 consecutive operative protocols were reviewed in detail. Auditory hallucinations evoked by stimulation of the brain stem during 31 of these operations yielded about 80 auditory points. The effective amperage for an auditory response ranged between 0.1 and 2.0 mA, the same as for somatosensory, motor, vestibular. visual, and other types of response.
The quality of the induced auditory effect was described as a low-pitched buzz like that of a bee at half the points and a low hum in one-fifth. In another fifth of the series, a "twitter, ticking, clicking, cricket-like chirp, or the spitting of a soldering iron" was reported. At the remaining few sites a "popping, clapping, ringing, swooshing, or roaring" sound was experienced. Attempts were made to quantitate the induced auditory experience by presenting the patient with the output of an audioamplifier simultaneously ception a swooshing was reported bilaterally but more prominently in the contralateral ear.
We plotted sixty consecutive auditory points on photographs of sagittal sections of the human brain from the atlas by Schaltenbrand and Bailey 9 using the illustration of the plane closest to that from which the data was collected. The patient's anteroposterior commissure line was superimposed and centered on that of the atlas figure and the auditory points were pinpointed. Such a plotting technique of course fails to correct for variations of brain size and other distortions, so that the auditory points from any particular patient will fall on the auditory pathway of the atlas illustration only if his brain is identical to that from which the atlas was prepared. However, it provides a convenient overview of the data.
In our patients positive auditory points were found to lie between 2.0 and 15.0 mm from the midline; our stimulation extended from the level of the colliculi caudally to the internal capsule rostrally. Figure 1 shows the relative locations of the principal features of the human upper auditory pathway and their relationship to the midline. Obviously the most medial points in our studies should also be the most caudal and should fall within the inferior colliculus, while the most lateral should also be most rostral and lie within the auditory radiations. When our data, plotted in Figs. 2 and 3, were examined, this proved to be so. Figure 2 shows that all points 2 to 5 mm lateral fell caudally near the inferior colliculus. Points 11 mm lateral fell near the brachium of the inferior colliculus while those 13.5 to 16.0 mm from the midline were found grouped around the medial geniculate body. The most lateral point probably lay in the auditory radiations.
The one point giving rise to a bilateral response lay 12 mm from the midline, evidently in the brachium of the inferior colliculus.
The brain from one patient in whom an auditory response was obtained by stimulation at 11.0 mm from the midline has been studied in serial section, 13 and all electrode tracts and stimulation points have been identified in the sections. This auditory point, marked by the arrow in Fig. 2 , has been identified with the site indicated by the arrow in Fig. 4 , which is a photograph of a coronal section of this patient's brain 18 mm behind the middle of the anterior commissure-posterior commissure line. It was clearly located in the brachium of the inferior colliculus.
Two types of response to stimulation were found adjacent to the auditory points. Responses such as vertigo and faintness, which we believe are due to stimulation of the vestibular pathway, were occasionally found immediately anterior to the auditory points, apparently in the medial geniculate body. Somatosensory responses were always found contiguous to auditory points anterosuperiorly. Although somatosensory and auditory responses were rarely obtained at low threshold from the same point, a weak somatosensory and a strong auditory response, or vice versa, might occur together.
FIG. 4.
Coronal section 18 mm behind the middle of the ACPC line of the brain stem of a patient whose auditory point is marked by the arrow in Fig. 2 . The needle tract (arrow) centered in the brachium of the inferior colliculus (bcoi) was identified as the point at which the auditory response was elicited by stimulation. The relative size of the stimulating electrode is indicated at the upper left.
Discussion
Eight conclusions have been drawn. First, the effective stimulation factors for auditory points were the same as for somesthetic ones. Second, although it seems likely that the entire upper auditory pathway was explored in the course of our various electrode penetrations, the responses reported were all surprisingly low-pitched, below the middle "C" range. This uniformly unphysiologically low frequency despite the variety of anatomical sites and stimulation parameters in so many patients must mean that what the patient heard when his auditory path was stimulated electrically was nothing more than an auditory "paresthesia"; there is no key with which to communicate with the neuron directly. Third, it was impossible, by changing the specifications of stimulation or the sites, to alter the patient's hallucination significantly. Fourth, the human auditory tract between the inferior colliculus caudally and auditory radiations rostrally was shown to be identically and uniformly excitable to electrical stimulation in the manner described. Fifth, these responses were confined to the primary auditory pathway and there was rarely overlap between auditory, somatosensory, or other systems although their responses might be contiguous. Sixth, contralateral preponderance of the auditory responses was striking; presumably the ipsilateral path in man is so small that the probability of its stimulation is remote. This essentially contralateral arrangement of the auditory pathway is in keeping with the conclusions reported from animal experiments 1' as well as from observations in man. The experience of Walker TM and Spiegel and Wycis 1~ suggests a chiefly contralateral pathway. Electrophysiological studies on the human auditory system, although indicating a bilateral pathway, suggest contralateral preponderance. ~-~ Similarly, auditory hallucinations induccd in the cerebral cortex by electrical stimulation or by seizures are chiefly contralateral2 ,~ Seventh, the observations we have reported on the primary auditory pathway in the human brain stem which have led to these cOnclusions are strikingly similar to those made upon the human primary auditory cortex. Penfield, et al., ~,~ found that direct electrical stimulation of this part of the cortex gave rise to the same uniform, nonspecific, ringing, humming, rumbling, buzzing, hissing sounds as we found. Eighth, while stimulation of the auditory association cortex led in the experience of Penfield, et al., 5, G to the patient's hearing meaningful sounds such as voices and music, and while the auditory hallucinations evoked presumably in similar structures by epileptic seizures were similarly highly organized, we have never found such sophisticated auditory responses in the brain stem.
These eight features describing the auditory response to electrical stimulation in the brain stem are shared with the somesthetic responses and, within our more limited experience, with the vestibular and visual responses as well. The physiological factors of the stimtdus are the same. Each system has its own characteristic, nonspecific signature upon electrical stimulation: a low hum in the auditory, paresthesia in the lemniscal soma-tosensory, a feeling of heat, coolness, burning, or pain in the spinothalamic (at least in the cord and midbrain), a sense of floating, faintness, or ill-defined vertigo in the vestibular, and formless flashes of white light in the visual (lateral geniculate and superior colliculus). These responses, which are independent of the specific qualities of the stimulus, are uniform throughout each system and confined to its primary pathway, chiefly contralateral (except vestibular) and identical to the responses reported from stimulation of the related primary cerebral cortex. For, although emotional effects such as laughter, disorientation, confusion, inappropriate speech, etc., have all been obtained from stimulation of the human brain stem, no sophisticated sensory responses of any kind such as those found by stimulating the association cortex have ever been obtained.
